M-124 filter ozonometers are used for total ozone measuring in Ukraine since 1970s. Recently the need to calibrate several M-124 instruments of the Ukrainian filter ozonometer network is raised to continue ozone observations. The calibration became possible owing to the accurate ozone measurements by Dobson spectrophotometer started in 2010 at the Kyiv-Goloseyev WMO station located at the Main Astronomical Observatory of National Academy of Sciences of Ukraine. For calibration purposes the simultaneous M-124 and Dobson Direct Sun measurements were carried out during the 2013-2016 period by researchers from Taras Shevchenko National University of Kyiv and Main Astronomical Observatory. The M-124 instrument has two spectral channels: first is 305 nm and second is 325 nm. Outgoing signal from M-124 is determined by transparency of the terrestrial atmosphere and filter characteristics. Theoretical description of the solar radiation propagation through the atmosphere is determined by the Bouguer-Lambert-Beer law taking into account ozone absorption, Rayleigh and aerosol scattering. Parameters of the aerosol scattering have been determined from observations with the CIMEL sunphotometer of Aerosol Robotic Network which is also located at the Kyiv-Goloseyev station. The ozonometers optical characteristics were studied after M-124 refurbishment and modernization at the Central Geophysical Observatory of Ukraine that includes a significant part of the whole calibration work. Knowing the spectral dependence of each filter is necessary to calculate signal ratios in two channels. This information allowed solving the inverse problem of determining total ozone content in the terrestrial atmosphere. Comparison of these results with Dobson spectrophotometer data shows their good quality even without an additional correction. These results open a possibility to calibrate M-124 filter ozonometers for future ozone measurements at the observation sites of the Ukraine ozonometer network.
introduction
Ozone in the atmosphere is a minor constituent that is significant due to absorption of solar ultraviolet (UV) radiation and almost nontransparent for light with wavelengths less than 293-295 nm [27] . Importance of that for biological life on the planet brings a lot of attention to spatial and temporal ozone variability. The molecule number of specific constituent in atmospheric column with unit crosssection that normal to the Earth surface is known as total column. Total ozone column (TOC) or total amount of ozone in vertical atmospheric column is expressed in Dobson Units (DU) and is equal to thickness of the pure ozone layer at standard temperature/pressure conditions, 1 DU = 10 −5 m, or 1 DU is equivalent to 1 m atm cm [22] .
The TOC level is measured by remote observations using radiation, which passes through the Earth's atmosphere or scatters in the atmosphere. Preferably, the sunlight intensity with a wavelength longer than 300 nm is measured [28] . In groundbased measurements, light transfer depends mainly on the absorption by ozone and aerosol as well as Rayleigh scattering. The intensities ratio at different wavelengths can be determined much more accurately than the intensity itself. This causes the application of two-wave methods: first (second) wavelength should be characterised by strong (weak) absorption by ozone [9] . Even better result is provided with measurements in two pairs of wavelengths, as implemented in Dobson spectrophotometer [22] . The latter approach can minimise the aerosol influence.
Global ground-based network of ozone measurements consists mainly of Dobson spectrophotometers and Brewer spectrometers. These instruments isolate the desired range of wavelengths by the spectral decomposition of solar light. The advantage of this approach is the low variability of the instrument properties with time and the possibility of separation of a narrow spectral area, less than 3-4 nm for Dobson spectrophotometer [22] . The latter allows the calculation of the TOC values with monochromatic approach that greatly simplifies the solution.
In addition to Dobson spectrophotometers and Brewer spectrometers, the global ozone network includes also the filter ozonometers M-124 [15] . The filter ozonometer was developed by Gushchin and Sokolov in 1970s, when 450 instruments have been produced [17] . In Ukraine the filter ozonometers M-124 have been used in last decades since 1970s [16, 18] . The filter instruments M-124 measure solar light at 302 and 326 nm with the spectral band pass of 20 nm and the accuracy is about 4% for zenith blue and up to 6-8% for cloudy observations [15] .
Large filter bandwidth prevents monochromatic approach and initiates to use the integral approach. The intercomparisons showed that the discrepancies between the mean TOC values obtained with the ozonometer M-124 and the Dobson spectrophotometer did not exceed 3-5% [17] . In average, the accuracy of the transfer of the calibration scale into the M-124 network is estimated to be about 3% [15] .
Comparison with satellite TOMS instrument for the Direct Sun (DS) measurements showed that the standard deviations for Dobson, Brewer and M-124 instruments were about 2.4%, 2.2 and 3.5%, respectively. For less accurate Zenith Sky measurements the standard deviation is 3.8%, 4.0% and 4.7%, respectively [12] . In the later comparisons with satellite observations, filter ozonometers demonstrated also larger mean and median values of the difference, 2.5% and 2.0%, respectively, against 1.3% and 1.6%, respectively, for the Dobson and Brewer instruments [13] . It was concluded that the filter ozonometer network performance is slightly better in 2001-2006 than in 1996-2000.
Historically, the TOC observations with the M-124 filter ozonometers have been started in the Kyiv region since 1973 [7, 23] . These data were archived in the World Ozone and Ultraviolet Radiation Data Centre (WOUDC) database, Global Atmosphere Watch (GAW) website 1 and are available for the observational period 1973-1997. In the same region, analysis was performed using M-124 at Lisnyky station near Kyiv for the time period of 1997-2002. The ozonometer M-124, operated at the Lisnyky station, was calibrated using Dobson spectrophotometer No. 031 at Vernadsky Antarctic station. Its comparison with the Lisnyky station ozone data obtained with TOMS-EP spectrometer measurements showed near zero relative difference (from −0.4% to 0.1%) during 1997-1999 [14] . At the same time, difference was 0.15% for cloudless sky and −3.5% for totally overcast sky. In Ukraine this type of ozone measurements was realised also at the Lviv, Odessa and Feodosia stations since [1973] [1974] , and at the Kyiv and Boguslav stations since 1990, which all form the Ukraine ozonometer network [7, 23] .
In late 1990s the filter degradation of M-124 instruments available in Ukraine, took place. Quality of filters, used in M-124, becomes much worse during long-term operation and this makes impossible the reliable measurements. In this regard, eight M-124 instruments have been upgraded including filter replacements, electronics modification and thermoregulation installation. In general, M-124 are quite common instruments and still operating at over a third of ozonometric network at wide area between Eastern Europe and Eastern Asia [8] . Calibration of ozonometers is performed traditionally at the Main Geophysical Observatory near St. Petersburg (Regional Centre for calibration of filter ozonometers) using Dobson spectrophotometers. For ozonometers M-124 available in Ukraine the calibration is possible since 2010, when Dobson spectrophotometer was installed at the WMO Kyiv-Goloseyev station [11, 23] .
In [10, 20] ), operates at the same station and allows determining aerosol properties [24, 25] . The development of the calibration method and results of the intercomparison of upgraded ozonometers M-124 with Dobson spectophotometer data are analysed in this work.
theory for total ozone column calculation
To reveal the TOC value in ground-based observations we describe first the monochromatic approach. Total ozone column X can be calculated on the base of two wavelengths measurement [22] :
(1) Expression (1) is obtained from Bouguer-LambertBeer's law, taking into account ozone, aerosol and Rayleigh scattering influence on the direct solar radiation transfer through the Earth atmosphere. Here I 0 is solar radiation intensity at the top of atmosphere, I is intensity of the solar radiation at the Earth surface in the observation point, µ is ratio of the actual and vertical paths of solar radiation through the ozone layer, the mean height of the ozone layer is 21 km for Kyiv-Goloseyev station latitude, m is airmass: ratio of the actual and vertical paths of solar radiation through the atmosphere, taking into account refraction and the Earth's curvature, Z is angular zenith distance of the sun (solar zenith angle, strictly speaking, instead of secZ should be m a , which is ratio of the actual and vertical paths of solar radiation through the 'aerosol layer', however, that is not essential), p is atmospheric pressure at the observational station, p 0 = 1013.25 hPa is standard pressure at sea level. Variables α =α/ln10, β =β/ln10, δ =δ/ln10, whereα is absorption coefficient of ozone when Bouguer-Lambert-Beer's law is written in exponential way (the coefficient dimensionality is inversely proportional to dimension of TOC value X), β is Rayleigh scattering coefficient of air or optical thickness of Rayleigh scattering in conditions of vertical path of solar radiation through the atmosphere and standard pressure p 0 ( [5] ; Table 1 ),δ is aerosol optical thickness of vertical path of solar radiation through the atmosphere.
Relationships that include the natural logarithm of ten occur due to the fact that the optical thickness is usually inserted through exponential description, while, in the TOC determination, coefficients on logarithm base 10 are historically used. The longer wavelength corresponding the higher values of absorption and scattering coefficients is designated by prime mark.
Note, that in the real measurement conditions, in addition to lg
, the term caused by the instrument properties could be included. That, in particular, is demand of a calibration procedure [3] . By marking this generalised constant as L, we have:
In the expression (2) p 0 is constant by definition. Standard (tabular) coefficients of absorption due to ozone and Rayleigh scattering are taken from the literature and described in detail in the next section. Solar zenith angle Z may be calculated using ephemerides of the Sun. In practice, it is useful to apply a supporting program from the package for Dobson spectrophotometer that gives also the value µ (its influence is small at a given altitude of ozone layer). The ratio of intensities is measured directly. The TOC value should be taken from parallel intercomparison measurements by Dobson spectrophotometer. Pressure and aerosol optical thickness, in principle, can be measured in parallel with ozone observations. If, as in the case of the AERONET sun photometer, optical thickness is taken at other wavelengths, we use relation with Ångström exponent k:
Under condition of ozonometer temperature stabilisation, instrument temperature influence is negligibly small. If the instrument heating is determined by external conditions, the temperature coefficient is of quite significant value. According to [1] , it is equal 0.87-1.23 as temperature drops from +50 • C to −30 • C.
Important consequences follow from nonmonochromatic case. In monochromatic approach, the Bouguer-Lambert-Beer's law can be presented as:
To move from the intensity to actual spectral sensitivity of the filter instrument M-124 measured value S, it is necessary to take into account the filter transmission curve C(λ):
Similarly, output signal S ′ for the second filter could be obtained using spectral sensitivity C ′ (λ). Mark ( ′ ) is used for channel, which has maximum sensitivity at the longer wavelength:
In general, it is impossible to calculate X from (5). One of the alternative is to introduce effective absorption coefficient for ozone, which depends on µ and X ( [3] , Chapter 6). The most appropriate way is to determine X by numerical methods. Variations of coefficients β and δ within the spectral bandwidth of the M-124 filter should be, in general, relatively low, but the including of their dependency on the wavelength is not difficult.
Note that the basic wavelengths for maximum bandwidths of M-124 are 300 ± 2 nm and 326 ± 2 nm ([1], p. 26). Full width at half maximum (FWHM), according to cited work, is 21 nm. In our case, approximate representation for transmission curves of the filters 1 and 2 was first obtained. On this basis, location of maximum bandwidth at 301 nm and 329 nm for the filters 1 and 2, respectively, was estimated. This roughly corresponds to the Aleksandrov's data [1] (in the second case, it is probably a little more). The FWHM is about 19 nanometers (291-310 nm) in the first case and only 13 nm (323-336 nm) in the second case. These are less than the standard values, but too large for monochromatic approach. That is significantly different scale in comparison to 3-4 nm for Dobson spectrophotometer [3, 22] .
As it follows from the described data, in particular, from ([1], p. 57), integral method should be applied for calibration of ozonometer M-124 taking into account the spectrum of extra-atmospheric solar radiation. Actually, this method was used to construct the M-124 nomograms, which serve to reveal TOC values from M-124 observations [16] . Even in this case, the error of the instrument in [1] is given as 7-10% (the second value corresponds to a high aerosol amount).
In the view of some non-triviality of the ozonometer M-124 calibration problem, different approaches are characterised by unequal accuracy and complexity. In particular, they are: a) the most rough, monochromatic approach ignoring aerosol term and pressure influence; b) more accurate monochromatic approach, which takes into account the impact of aerosols and, if possible, the pressure variations (calculation method described in detail above). Because of the unreasonableness of measurements at the solar zenith angle Z > 70 − 75 • , the values m and µ could be assumed as equal to secZ. Note that approaches (a) and (b) do not provide accurate results, and these methods are not suitable for calibration of M-124; c) integral approach, which is the most appropriate, but is much more difficult than (a) and (b). Integrals for S and S ′ in the calculation should be replaced by sum with a step, for example, 1 nm or 0.1 nm. The final goal is to create an algorithm for computing the X-values for a given values of ratio S to S ′ , Z and p including the dependence δ(λ) (real or approximated from Ångström exponent). For integration/summation, reliable tables for ozone absorption coefficient α(λ), Rayleigh scattering coefficient β(λ), filter transmission curves C(λ) and C ′ (λ), extra-atmospheric solar radiation intensity I 0 (λ) are required. Clearly, some simplifications concerned with ignoring the impact of aerosols and pressure variations are also assumed and reduce the method accuracy.
practical aspects of ozonometer M-124 calibration
We use the available information for the construction of nomograms for M-124 instruments. Taking into account a basic expression for the signal ratio of the two filters according to (4) and (5):
we identify the data, which should be included for practical work with this formula. The value S S ′ is obtained directly from the measurement. For the solar radiation flux, the data from [2] were used. The spectrum presented in [19] was also used for control and it does not affect notably the results. Data for solar radiation flux between 119.5 nm to 1 mm with variable wavelength step were included. This range of wavelength is apparently sufficient, even with excess. Linear interpolation was made with step of 0.1 nm for the wavelength range 246-629 nm. Note that a change of the Earth-Sun distance does not play any role, because the inverse square of the distance is made outside the two integrals and is cancelled by each other.
Situation with ozone absorption coefficients is rather difficult. In particular, coefficients have significant temperature dependence [26] . We used the scattering cross-sections from the IGACO-3 website 3 , available for temperatures of 203, 223, 246, 273, 276 and 280 K, which were calculated according to [4] . Based on the definitions of scattering crosssection σ and absorption coefficient α,
where n is the concentration of aerosol particles.
Since the TOC value X is defined for gas under normal conditions, the concentration must be equal to the Loschmidt constant n = 2.687 · 10 19 cm −3 .
The air temperature must correspond to the real conditions in the stratosphere, where the main part of ozone amount is located. Therefore, the typical summer stratosphere temperature value of T = 223 K was used for interpolation by wavelength because most measurements for the M-124 intercalibration against Dobson spectrophotometer have been undertaken during summer season. The temperature dependence of Dobson measurements is estimated as 0.13% per degree Celsius [21, 28] , which cannot produce in usual stratosphere conditions the discrepancy exceeding typical M-124 uncertainties. Note that the list of the used absorption coefficients is limited by wavelength range of 246-342 nm according to the initial data (absorption at 342 nm is weaker by more than two orders of magnitude than at 300 nm). For Rayleigh scattering, the data from [5] were used. The data of the last column of the Table 4 from cited work (where US Standard Atmosphere, 1962 is presented) were interpolated.
Step for the initial data is 10 nm (wavelengths from 200 nm to 800 nm), however, as it is seen, this does not result in significant interpolation errors because of the function smoothness.
For aerosol optical thicknessδ, it is useful to include the AERONET Kyiv station data [24] . Spectral dependence δ(λ) is calculated using optical thickness at one of the wavelengths δ 0 (λ 0 ) and Ångström exponent k, see (3) . Optimal case is to use the data for the same day, when the measurements were made or, that is more or less acceptable, to use the annual means. The latter approach, in particular, should be applied for the construction of nomograms, which will be used at the station, where regular aerosol observations are absent. Approximation with Ångström exponent is not ideal, however, it is quite simple and easy. For example, from daily mean data of Kyiv station (data level 1. Ozone layer thickness µ is considered as independent from wavelength value. The data were obtained with the 1-minute step and linear interpolation is sufficient within the 1-minute interval. To control the total ozone content X, we use the value obtained with the Dobson spectrophotometer (the nearest or daily mean), usually, by the Direct Sun measurements at the wavelength pair AD (DSAD). The observation types with the Dobson spectrophotometer are described in detail in [22] .
The air mass m is calculated by formula from [22] :
The value m depends on the solar zenith angle Z only and approximation as sec Z can be used for typically applied values.
The importance of pressure p is required to be tested. The variants for substitution may include: a standard value corrected only for altitude above sea level; the average for the MAO weather station (the same place as Kyiv-Goloseyev station); the Kyiv daily pressure value with altitude correction; the current value at the MAO weather station (if operating). These cases are listed from the most rough to the most accurate. The atmosphere pressure p = 990 hPa is taken in all calculation cases.
The interval of the TOC changes during the observations in 2013 was 285-325 DU. Usually, measurements in the late winter and spring, when the midlatitude TOC maximum due to the BrewerDobson circulation is observed [6, 11] , are preferable.
In Fig. 1 , the solar spectra at the top of the atmosphere and at the Earth surface are illustrated. In the latter case, the data correspond to 7 August 2013, 7:31 UT (Z = 45.77 • , µ = 1.43, p = 990 hPa, TOC = 302.3 DU determined from the Dobson spectrophotometer with DSAD measurements in 7:35, daily aerosol optical thickness at wavelength 340 nm is 0.412, Ångström exponent is 1.579). The transmittance of the atmosphere decreases rapidly with decreasing wavelength, notably at wavelengths close to 300 nm. Rayleigh scattering and scattering by aerosol particles increase with wavelength decreasing. Ozone absorption near 300 nm has the same dependence. Light with a wavelength of about 285 nm and less is barely passed through the ozone layer (Fig. 2, left) . Near 300 nm, absorption by ozone also dominates, though, is not as strong. Instead, ozone component at 318 nm gives smaller effect than the others (Fig. 2,  right) . At a wavelength of 318 nm Rayleigh scattering component dominates. Total ozone value 300 DU and pressure 990 hPa are chosen for the calculations. Aerosol optical thickness at 340 nm is 0.3 and it varies according to a power law with the Ångström exponent of 1.6.
Test calculations for ozonometer No. 428 with Gaussian transmission curves were performed and they do not give satisfactory results. The M-124 nomogram quality was significantly improved, when the real curves of transmission have been measured.
In particular, the result for the instrument No. 343 is shown in Fig. 3 . Note that no empirical corrections were used at this stage and the calculations were based on the theory and measurement results only. Aerosol optical thickness at 340 nm was taken 0.3, and Ångström exponent was equal to 1.6. The range of values for Dobson spectrophotometer and M-124 ozonometer obtained from calculations is shown in Fig. 4 . The standard deviation is σ = 11.2 DU. Discreteness of the values on the plots in Fig. 4 is caused by a step of 5 DU taken for calculations (if necessary, it is not difficult to reduce a step). Decrease of the step does not influence noticeably the standard deviation, e. g., σ = 10.9 DU in case of a step of 1 DU.
Similar calculations were performed for several M-124 instruments. In particular, standard deviation σ = 17. 
conclusions
Calibration procedure for the filter ozonometer M-124 using intercomparison observations with the Dobson spectrophotometer No. 040 has been described. In this work, as a first step, the spectral characteristics of five ozonometers M-124 in each of the two filters have been measured. This improved significantly the calibration of these instruments at the WMO station Kyiv-Goloseyev. It was possible to achieve a qualitative similarity between the total ozone values calculated at least for the two M-124 ozonometers and those observed with the Dobson spectrophotometer.
At the same time, quantitative results for the instruments M-124 are not always satisfactory. The best results were obtained for the instruments No. 343 (standard deviation from the Dobson data DSAD σ = 11 DU) and No. 496 (σ = 18 DU). However, even in these cases, there is a need to test the results over the larger TOC range, than that observed in August-September 2013. Besides, it should be also ensured that the instrument characteristics are stable during the observational period. The last factor is important, particularly, with regard to calibration of instrument No. 428. Observations in 2013 showed not very good result (σ = 32 DU after exclusion of several distinctly unsatisfactory measurements). Moreover, in winter-spring 2015 a very large discrepancy (σ = 108 DU) has been registered. Therefore, determination of the causes of these distinctions is necessary in future work.
The characteristics of the instruments No. 80 and No. 188 have been also investigated. In the first case, the significant difference with the standard deviation σ = 62 DU has been obtained. In the second case, the large systematic error (underestimated TOC values) with σ = 158 DU has been revealed.
Estimation of the aerosol influence on calibration results shows that under conditions of aerosol optical thickness (up to 0.3 at a wavelength of 340 nm) and Ångström exponent (1.4-1.6) typical for the station Kyiv-Goloseyev, this factor can cause only minor differences, which do not exceed 10 DU. It seems that one of possible causes of the large standard deviations could be a variability of weather conditions during the observations. Because the M-124 ozonometer measures the radiation intensities in the two spectral channels with some time intervals, the presence of even subtle moving clouds can critically influence the observational data distorting the value of the intensity ratio. Another group of possible errors is subjective mistakes caused by the inexperienced observer, who made parallel measurements with the instruments of the two different types, M-124 ozonometer and Dobson spectrophotometer.
The results show that the measurements with each of ozonometers under steadily clear weather are necessary. The calibration should include a large range of the TOC levels, particularly, around the seasonal TOC minimum and TOC maximum observed typically in autumn and spring, respectively. More clear separation of the error sources associated with (1) the weather conditions, (2) observer mistakes and (3) instrument itself should be made in future work. 
